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Abstrat
We study the problem of the Landau gauge xing in the ase of the SU(2)
lattie gauge theory. We show that the probability to nd a lattie Gribov opy
inreases onsiderably when the physial size of the lattie exeeds some ritial value
≈ 2.75/√σ, almost independent of the lattie spaing. The impat of the hoie of
the opy on Green funtions is presented. We onrm that the ghost propagator
depends on the hoie of the opy, this dependene dereasing for inreasing volumes
above the ritial one. The gluon propagator as well as the gluoni three-point
funtions are insensitive to hoie of the opy (within present statistial errors).
Finally we show that gauge opies whih have the same value of the minimisation
funtional (
∫
d4x(Aaµ)
2
) are equivalent, up to a global gauge transformation, and
yield the same Green funtions.
CPHT-RR 065.1105
LPT-Orsay/05-76
1 Introdution
The question of the quantisation in the infrared of a non-Abelian gauge theory is very
important for the understanding of diverse non-perturbative phenomena. The main prob-
lem that arises while performing the quantisation in the ovariant gauge is the problem of
the non-uniqueness of the solution of the equation speifying the gauge-xing ondition,
that was pointed out by Gribov [1℄. In fat, the solution is unique for elds having small
magnitude. A solution proposed in [1℄ onsists in restriting the (funtional ) integration
over gauge elds in the partition funtion to the region inside the so alled Gribov horizon
(the surfae, losest to the trivial eld Aµ = 0, on whih the Faddeev-Popov determinant
vanishes).
The Gribov's quantisation presription is expliitly realised in the lattie formulation.
Indeed, the proedure of Landau gauge xing on the lattie (see [2℄ for a review) on-
straints all the eigenvalues of the Faddeev-Popov operator to be positive. Thus lattie
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gauge ongurations in Landau gauge are loated inside the Gribov region, and all alu-
lations on the lattie are done within the Gribov's quantisation presription. But we also
know that this is not enough - the gauge is not uniquely xed even in this ase, and there
are seondary solutions (Gribov opies) inside the Gribov region ([3℄,[4℄). The smaller
region free of Gribov opies is alled the fundamental modular region ([3℄,[5℄, [6℄). On a
nite lattie the gauge may be xed in a unique way, but that reveals to be tehnially
diult (f. the following setion).
The quantities that are sensitive to the hoie of the infrared quantisation presription
are Green funtions. A lot of work regarding the inuene of Gribov opies on lattie ghost
and gluon propagators in the ase of SU(2) and SU(3) gauge groups has already been done
([7℄,[8℄,[9℄,[10℄,[11℄,[12℄,[13℄). Summarising the results, the infrared divergene of the ghost
propagator is lessened when hoosing Gribov opies loser to the fundamental modular
region, and the gluon propagator remains the same (within today's statistial preision).
In this paper we onrm these results in the ase of the SU(2) gauge group, and present
a study of the inuene of Gribov opies on the three-gluon vertex in symmetri and
asymmetri kinemati ongurations. We also disuss in details the struture of minima
of the gauge-xing funtional. The authors of [8℄ reported that the number of minima of
the gauge-xing funtional derease with the β parameter (the bare lattie oupling). We
perform a thorough analysis of the volume dependene of this phenomenon. We dene a
probability to nd a lattie Gribov opy, and our omputation shows that this probability
inreases onsiderably when the physial size of the lattie exeeds some ritial value,
around 2.75/
√
σ, where σ is the string tension.
2 Non-perturbative Landau gauge xing on the lattie
A lattie gauge onguration UC0 generated during the simulation proess is not gauge-
xed. One has to perform a gauge transformation {u(x)} on it in order to move it along its
gauge orbit up to the intersetion with the surfae fL [Uµ(x)] = 0 speifying the Landau
gauge-xing ondition. But there is no need to have an expliit form of {u(x)}. Instead
we do an iterative minimisation proess that starts at UC0 and onverges to the gauge
xed onguration U
(u)
C Let us rst illustrate it on the example of the Landau gauge in
the ontinuum limit. For every gauge eld A one denes a funtional
FA[u(x)] = −Tr
∫
d4xA(u)µ (x)A(u)µ (x) = −||A(u)||2, u(x) ∈ SU(Nc). (1)
Expanding it up to the seond order around some group elements {u0(x)} we have (writing
u = eXu0, X ∈ su(Nc))
FA[u(x)] = FA[u0(x)] + 2
∫
d4xTr
(
X∂µA(u0)µ
)
+
∫
d4xTr
(
X†M
FP
[A(u0)]X)+ . . . . (2)
Note that the quadrati form dening the seond order derivatives is the Faddeev-Popov
operator. Obviously, if u0 is a loal minimum we have a double ondition{
∂µA(u0)µ = 0
M
FP
[A(u0)] is positive denite. (3)
Hene, the minimisation of the funtional (1) allows not only to x the Landau gauge,
but also to obtain a gauge onguration inside the Gribov horizon (f. Figure 1). On the
2
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Figure 1: Restrition of the integration domain in the partition funtion to the Gribov region (hathed),
and the Gribov horizon. FP" is the Faddeev-Popov operator.
lattie, the disretised funtional (1) reads
FU [u] = − 1
V
ReTr
∑
x,µ
u(x)Uµ(x)u
†(x+ eµ), (4)
where Uµ(x) is the standard gauge link variable. Then at a loal minimum u0 we have a
disretised Landau gauge xing ondition∑
µ
(
A(u0)µ
(
x+
eµ
2
)
−A(u0)µ
(
x− eµ
2
))
= 0. (5)
that we write in a ompat form ∇µA(u0)µ = 0. Here
Aµ
(
x+
eµ
2
)
=
Uµ(x)− U †µ(x)
2
. (6)
The seond derivative (the equivalent of the seond-order term in (2)) an be written
as
d2
ds2
FU [u(s, x)] = − 1
V
(
ω,∇µA′µ
)
(7)
where
A′µ =
1
2
(−ω(x)U (u)µ (x) + U (u)µ (x)ω(x+ eµ) + ω(x+ eµ)U (u)†µ (x)− U (u)†µ (x)ω(x)) . (8)
This denes a quadrati form
(
ω,MlatFP [U ]ω
)
where the operator MlatFP [U ] is the lattie
version of the Faddeev-Popov operator ([14℄). It reads(
MlatFP [U ]ω
)a
(x) =
1
V
∑
µ
{
Sabµ (x)
(
ωb(x+ eµ)− ωb(x)
)− (x↔ x− eµ)+
+
1
2
fabc
[
ωb(x+ eµ)A
c
µ
(
x+
eµ
2
)
− ωb(x− eµ)Acµ
(
x− eµ
2
)]}
, (9)
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where
Sabµ (x) = −
1
2
Tr
({
ta, tb
} (
Uµ(x) + U
†
µ(x)
))
. (10)
It is straightforward to hek that in the ontinuum limit a → 0 one nds the familiar
expression of the Faddeev-Popov operator.
For the Landau gauge xing in our numerial simulation we have used the Overrelax-
ation algorithm with ω = 1.72. We stop the iteration proess of the minimising algorithm
when the following triple ondition is fulleld:
1
V (N2c − 1)
∑
x,µ
Tr
[(∇µA(u0)µ ) (∇µA(u0)µ )†] ≤ Θmaxx |∂µAaµ| = 10−18
1
V (N2c − 1)
∑
x
Tr
[
u(n)(x)− I] ≤ Θδu = 10−9
∀a, t1, t2
Aa0(t1)−Aa0(t2)
A
a
0(t1) + A
a
0(t2)
 ≤ ΘδA0 = 10−7. (11)
where u(n)(x) is the matrix of the gauge transformation u(x) at the iteration step n, and
the harge
A
a
0(~x, t) =
∫
d3~xAa0(~x, t) (12)
must be independent of t in Landau gauge when periodial boundary onditions for the
gauge eld are used. The hoie of numerial values for the stopping parameters is dis-
ussed at the end of the next setion.
3 The landsape of minima of the funtional FU
The funtional FU (4) has a form similar to the energy of a spin glass. The last is
known to posses a very large number of metastable states, i.e. spin ongurations whose
energy inreases when any spin is reversed. Typially, the number of these states grows
exponentially with the number of spins.
Let us onsider the landsape of the funtional FU . One of its harateristis is the
distribution of values at minima F
min
of FU . We know that for small magnitudes of the
gauge eld all the link matries Uµ(x) (they play the role of ouplings between the spin"
variables) are lose to the identity matrix, and thus the minimum is unique. Their number
inreases when the bare lattie oupling β dereases, beause the typial magnitude of the
phase of Uµ(x) grows in this ase and thus link matries move farther from the identity
matrix. The number of minima also inreases with the number of links (at xed β) beause
in this ase there are more degrees of freedom in the system. At Figure 2 we present typial
histograms of the distribution of F
min
for one given gauge onguration, as a funtion of
the β parameter. We see that when β is large (β & 2.5 for the volume V = 84 onsidered
at Figure 2), we typially nd only one value of F
min
. On the ontrary, for very small
values of β we nd many dierent minima (f. Figure 3). These values of β orrespond
to almost random links Uµ(x). In the following setion we show that eld ongurations
having the same F
min
are in fat equivalent up to a global gauge transformation.
The probability to nd a seondary minimum depends on the value of the β parameter.
We an alulate this probability in the following way. For eah orbit we x the gauge
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Figure 2: Histogram of minima values F
min
for dierent β for one partiular gauge-eld onguration,
|∂µAaµ(x)| ≤ 10−9. Here NGF = 100. The histograms are ranged in the order the inrease of the β
parameter.
N
GF
times, eah gauge xing starts after a random gauge transformation of the initial
eld onguration. We thus obtain a distribution of minima F
min
. This distribution gives
us the number of minima N(F i) as a funtion of the value of F i ≡ F i
min
. The relative
frequeny of a minimum F i is dened by
ωi =
N(F i)∑
iN(F
i)
, (13)
where
∑
iN(F
i) = N
GF
. Then the weighted mean number of opies per value of F
min
is
given by
N =
∑
i
ωiN(F
i). (14)
This allows us to dene a probability to nd a seondary minimumwhen xing the Landau
gauge for a gauge eld onguration :
p
1onf
= 1− N∑
iN(F
i)
. (15)
If one nds the same value of F
min
for all N
GF
tries then this probability is zero. On the
ontrary, if all Fi are dierent then p is lose to one.
Having the probability to nd a seondary minimum when xing the gauge for one
partiular onguration we an alulate the Monte-Carlo average 〈⋆〉 on gauge orbits, i.e.
on spin ouplings Uµ(x). We obtain nally the overall probability to nd a seondary
minimum during a numerial simulation:
P (β) ≡ 〈p
1onf
〉 = 1−
〈
N∑
iN(F
i)
〉
. (16)
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Figure 3: Histogram of minima values F
min
for very a small value of β = 10−3, |∂µAaµ(x)| ≤ 10−9.
We have performed simulations in the ase of SU(2) latie gauge theory at volumes
V = {84, 104, 124, 164} for β varying from 1.4 to 2.9. For eah value of β we generated 100
independent Monte-Carlo gauge ongurations, and we xed the gauge N
GF
= 100 times
for every onguration. Between eah gauge xing a random gauge transformation of the
initial gauge onguration was performed, and the minimising algorithm stops when the
triple ondition (11) is satised. The resulting probability to nd a seondary minimum
is presented at (Figures 4-7).
As expeted, the probability is small when β is large, and it is lose to one when
β is small. The dispersion was alulated using the Jakknife method. The physial
meaning of this dispersion is the following: when the error is small, all gauge ongurations
have a similar number of seondary minima. On the ontrary, this dispersion is large if
there are some exeptional gauge ongurations having a dierent number of opies. At
small β almost all gauge ongurations have many seondary minima, that is why the
dispersion of the probability is small. At large β almost all gauge ongurations have
a unique minimum, but some of them an have opies. This may onsiderably inrease
the dispersion of the probability. The appearane of exeptional gauge onguration
possessing a large density of lose-to-zero eigenvalues of the Faddeev-Popov operator has
been reently reported [13℄. Probably these elds are related with those having a lot of
seondary minima at large β's, and this orrelation deserves a separate study.
We an t the data from Figures 4-7 with an empirial formula
P (β) =
A
1 + eB(β−βc)
(17)
in order to dene a harateristi oupling βc when the probability to nd a opy dereases
onsiderably. One an dene βc as orresponding to the semi-heights of the probability
funtion P (β). At this value of β an equally probable seondary attrator of the funtional
FU appears. The t has been performed for the points between dashed lines at Figures
4-7, and the results for the t parameters are given ibidem and in Table 1. We see that
βc depends on the volume of the lattie. Let us hek whether these values orrespond to
some physial sale. Aording to works [15℄,[16℄ one has the following expression for the
6
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Figure 4: Probability (averaged over gauge orbits) to nd a seondary minimum as a funtion of β at
volume V = 84.
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nd a seondary minimum as a funtion of β at
volume V = 104.
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Figure 6: Probability (averaged over gauge orbits) to nd a seondary minimum as a funtion of β at
volume V = 124.
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Figure 7: Probability (averaged over gauge orbits) to nd a seondary minimum as a funtion of β at
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string tension σ for β ≥ 2.3:
[σa2](β) ≃ e−
4pi2
β0
β+
2β1
β2
0
log
(
4pi2
β0
β
)
+ 4pi
2
β0
d
β
+c
(18)
with c = 4.38(9) and d = 1.66(4). Using this formula, we dene a harateristi sale
orresponding to the ritial values βc from (Figures 4-7) :
λc = a(βc) · L
in the string tension units, L is the length of the lattie. In the last olumn of Table 1
we summarise the results. We see that for the values of βc in the saling regime when the
L βc χ
2/ndf λc, in units of 1/
√
σ
8 2.221(14) 0.27 3.85(31)
10 2.342(6) 0.28 3.20(21)
12 2.44(1) 0.22 2.78(20)
16 2.541(5) 1.92 2.68(17)
Table 1: The harateristi length dening the appearane of seondary minima. The errors for λc
inlude errors for d and c parameters, and the tted error for βc
formula (18) is appliable (β ≥ 2.3) we obtain ompatible values for the physial length
λc.
This suggests that lattie Gribov opies appear when the physial size of the lattie
exeeds a ritial value of around 2.75/
√
σ. At st approximation λc is sale invariant,
but a slight dependene in the lattie spaing remains.
In priniple, the parameter βc an be alulated with good preision. One should do
it in the ase of SU(3) gauge group, beause the dependene of the lattie spaing on the
bare oupling is softer, and the saling of the theory has been better studied than in the
ase of the SU(2) theory.
Let us disuss the dependene of above results on the hoie of the stopping parameters
(11). In the Table 6 we present the probabilities P (2.0), P (2.3), P (2.8), alulated on a
84 lattie with dierent values of the parameters (11). One an see that our hoie of
stopping parameters in (11) is strit enough to ensure the independene of our results on
the further inrease of the parameter Θmaxx |∂µAaµ|.
4 Green funtions and the lattie Gribov opies
4.1 Two- and three-point lattie Green funtions
Lattie Green funtions are omputed as Monte-Carlo averages over gauge-xed gluon
eld ongurations.
Gluoni Green funtions are dened using the denition (6) of the gauge eld. The
ghost propagator F (2)ab(x−y) is omputed, with the algorithm given in [17℄, by numerial
inversion of the Faddeev-Popov operator (9), e.g.
F (2)(x− y)δab ≡
〈(
MlatFP
−1
[A]
)ab
xy
〉
. (19)
9
The gluon propagator in Landau gauge may be parametrised as
G(2)abµν (p,−p) ≡
〈
A˜aµ(−p)A˜bν(p)
〉
= δab
(
δµν − pµpν
p2
)
G(2)(p2) (20)
ompleted with
G(2)abµν (0, 0) = δ
abδµνG
(2)(0). (21)
The ghost propagator is parametrised in the usual way:
F˜ (2)ab(p,−p) ≡
〈
c˜a(−p)˜cb(p)
〉
= δabF (2)(p2) (22)
The oupling onstant an be dened non-perturbatively by the amputation of a three-
point Green-funtions from its external propagators. But this requires to x the kinemati
onguration of the three-point Green-funtion at the normalisation point. On the lattie
one usually uses either a fully symmetri kinemati onguration (denoted MOM) or
a zero point kinemati onguration with one vanishing external momentum (denoted
generially M˜OM). In what follows we only speak about gluoni three-point funtions.
Symmetri ase
There are only two independent tensors in Landau gauge in the ase of the symmetri
three-gluon Green funtion [18℄:
T [1]µ1,µ2,µ3(p1, p2, p3) = δµ1µ2(p1 − p2)µ3 + δµ2µ3(p2 − p3)µ1 + δµ3µ1(p3 − p1)µ2 (23)
T [2]µ1,µ2,µ3(p1, p2, p3) =
(p1 − p2)µ3(p2 − p3)µ1(p3 − p1)µ2
p2
. (24)
Then the three-gluon Green funtion in the MOM sheme (p21 = p
2
2 = p
2
3 = µ
2
) an be
parametrised as〈
A˜aµ1(p1)A˜
b
µ2
(p2)A˜
c
µ3
(p3)
〉
= fabc
[
G(3)sym(µ2)T [1]µ′
1
,µ′
2
,µ′
3
(p1, p2, p3)
∏
i=1,3
(
δµ′iµi −
piµ′ipiµi
µ2
)
+
+H(3)(µ2)T [2]µ1,µ2,µ3(p1, p2, p3)
]
(25)
The salar funtion G(3)sym(µ2), proportional to the oupling g0 at tree level, may be
extrated by the following projetion:
G(3)sym(µ2) =
(
T [1]µ′
1
,µ′
2
,µ′
3
(p1, p2, p3)
∏
i=1,3
(
δµ′iµi −
piµ′ipiµi
µ2
)
+
1
2
T [2]µ′
1
,µ′
2
,µ′
3
(p1, p2, p3)
)
×
× 1
18µ2
fabc
Nc(N2c − 1)
〈
A˜aµ1(p1)A˜
b
µ2(p2)A˜
c
µ3(p3)
〉
.
(26)
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Asymmetri ase
The three-gluon Green funtion with one vanishing external propagator ([19℄,[18℄) an be
parametrised as
G(3)abcµνρ (p, 0,−p) ≡
〈
A˜aµ(−p)A˜bν(p)A˜cρ(0)
〉
= 2fabcpρ
(
δµν − pµpν
p2
)
G(3)asym(p2), (27)
and thus
G(3)asym(p2) =
1
6p2
fabc
Nc(N2c − 1)
δµνpρG
(3)abc
µνρ (p, 0,−p). (28)
Gauge oupling
Using the salar funtions G(2) and G(3) (the last stands for G(3)asym or G(3)sym), the gauge
oupling at the renormalisation sale µ2 is dened by
gR(µ
2) =
G(3)(p21, p
2
2, p
2
3)
G(2)(p21)G
(2)(p22)G
(2)(p23)
Z
3/2
3 (µ
2) (29)
in the ase of three-gluon verties, where the hoie of pi determines the renormalisation
sheme (M˜OM or MOM). In paper [20℄ it is shown that in the MOM shemes gR(µ
2)
vanishes in the zero momentum limit. It is interesting to investigate the possible inuene
of Gribov opies on this behaviour. We address this question in the following setion.
4.2 Inuene of the lattie gauge xing
A natural question that arises after the study of the distribution of F
min
is whether the
gauge ongurations having the same value of F
min
are equivalent, i.e. they dier only by
a global gauge transformation.
This an be heked by alulating the two-point gluoni orrelation funtion on the
gauge onguration . Indeed, aording to the lattie denition of the gauge eld that we
used (6),
G
(2)
1 onf
(x− y) ∝ Tr [(Uµ(x)− U †µ(x)) · (Uν(y)− U †ν(y))] . (30)
Applying a global gauge transformation Uµ(x)→ V Uµ(x)V † we see that the gluon prop-
agator remains unhanged. This is also the ase of the ghost propagator salar funtion.
We have heked numerially that the values of the gluon and the ghost propagators in
Fourier spae are the same for gauge ongurations having the same F
min
(f. Tables 2,3
). For omparison, the data from a lattie Gribov opy (the same gauge onguration but
having dierent value of F
min
) is also given. We see that the values are almost the same
for gauge ongurations having the same F
min
ontrarily to those oming from dierent
minima. In fat, taking in aount rounding errors appearing during the alulation, we
may say that gauge ongurations having the same F
min
are equivalent.
The seond question that has already been onsidered by ( [7℄,[8℄,[9℄,[10℄,[11℄,[12℄,[13℄
) is the dependene of Green funtions on the hoie of the minimum. For this purpose we
have performed the following simulation: for every of the 100 gauge ongurations used
to ompute Green funtions the gauge was xed 100 times, and the Monte-Carlo average
was omputed with respet to the rst opy (f) found by the minimisation algorithm
and the best opy (b), having the smallest value of F
min
. We have alulated the gluon
and the ghost propagators, and also the three-gluon Green funtions in symmetri and
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F
min
−0.871010810260 −0.871010810260 −0.870645877060
V ·G(2)(p2) : p2 = 0 4249297 4249295 3322788
p2 = 1 2012518 2012516 2006186
p2 = 2 1215762 1215762 1362671
p2 = 3 834876.3 834876.4 798032
p2 = 4 p[4]=16 620065.2 620067.3 434235.6
p2 = 4 p[4]=4 521585.0 521585.2 556509.6
p2 = 5 410698.8 410698.5 440623.9
Table 2: Gluon orrelator alulated on dierent gauge ongurations having the same value of F
min
(olumns 2 and 3), ompared to values from the "seondary" minimum (olumn 4). We present data for
all H4 group orbits for the momentum p
2 = 4 ([21℄,[17℄). Notie that in all this paper the momenta are
given in units of 2pi/(aL). Simulation has been performed with parameters V = 164, β = 2.4
F
min
−0.871010810260 −0.871010810260 −0.870645877060
F (2)(p2) p2 = 1 14.06473 14.06473 14.82984
p2 = 2 6.278253 6.278253 6.736338
p2 = 3 3.757531 3.757531 3.939130
p2 = 4 p[4]=16 2.929602 2.929602 2.705556
p2 = 4 p[4]=4 2.599088 2.599088 2.775566
p2 = 5 2.071200 2.071200 2.011100
Table 3: Ghost orrelator alulated on dierent gauge ongurations having the same value of F
min
(olumns 2 and 3), ompared to values from the "seondary" minimum (olumn 4). We present data for
all H4 group orbits for the momentum p
2 = 4 ([21℄,[17℄). Simulation has been performed with parameters
V = 164, β = 2.4
β L p2 F
(2)
f
(p2)− F (2)
b
(p2)
F
(2)
f
(p2)−F
(2)
b
(p2)
F
(2)
b
2.1 8 1 0.211 0.045
2.1 16 4 p[4]=16 0.145 0.033
2.2 8 1 0.078 0.019
2.2 16 4 p[4]=16 0.023 0.006
2.3 8 1 0.086 0.024
2.3 16 4 p[4]=16 0.114 0.034
Table 4: Volume dependene of the ghost propagators, from Tables 7- 26
asymmetri kinemati ongurations. The simulations have been performed on latties
of volumes 84 and 164 for β = 2.1, 2.2, 2.3. At these values of β we are sure to have
lattie Gribov opies. The results are given in Tables 7-29. All data is given in lattie
units. We present data for all H4 group orbits ([21℄,[17℄) for onsidered momenta, and we
have heked that our results for two-point Green funtions are onsistent with numerial
values given in [7℄,[8℄. We onlude from Tables 7-29 that the ghost propagator is quite
sensitive to the hoie of the minimum - in the ase of (b) the infrared divergene is
lessened. No systemati eet ould be found for gluoni two- and three-point Green
funtions, the values in the ases of (f) and (b) being ompatible within the statistial
errors.
It is onjetured in [22℄ that in the innite volume limit the expetation values alu-
lated by integration over the Gribov region and the fundamental modular region beome
equal. However, the ghost propagator depends on this hoie, even for volumes larger than
the ritial volume dened in setion 3, see Table 19 where there is a four σ disrepany
for p2 = 1. This dependene has been found to derease slowly with the volume [12℄. The
results of setion 3 indiate that the onvergene an only happen beyond the ritial size.
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β L 〈F
min
〉{U} δ〈Fmin〉{U}
2.2 8 −0.8236 0.003744
10 −0.8262 0.002367
12 −0.8272 0.001377
16 −0.8279 0.000802
2.4 8 −0.8642 0.005270
12 −0.8669 0.002739
12 −0.8686 0.001849
16 −0.8702 0.001003
Table 5: Volume dependene of the Monte-Carlo+gauge orbit mean value at minima F
min
and the
dispersion of this mean.
To hek this we ompare the f-b values of the ghost propagator, at one physial value
of the momentum, for the orbit p2 = 1 on a 84 lattie and the orbit p2 = 4, p[4] = 16 on the
164 lattie 3 at the same β (see Table 4). It happens indeed that the derease is observed
only at β = 2.1 and 2.2, in aordane with Table 1. However, these values of β are not
in the saling regime, and thus a study on larger latties would be welome. It is not
surprising that the ghost propagator depends on the b/f hoie: the b orresponds to
the elds further from the Gribov horizon where the Faddeev-Popov operator has a zero
mode, whene the inverse Faddeev-Popov operator (ghost propagator) is expeted to be
smaller as observed. The orrelation between the b/f hoie and the gluon propagator
is not so diret. Another quantity is obviously strongly orrelated to the b/f hoie: the
value of F
min
. We tested the volume dependene of the Monte-Carlo+gauge orbit mean
value of the quantity F
min
(see Tab.5). Aording to the argument given in [22℄, all min-
ima beome degenerate in the innite volume limit, and loser to the absolute minimum
(in the fundamental modular region). We see from the Table 5 that their average value
and dispersion derease with the volume at xed β, in agreement with [22℄.
5 Conlusions
Our study showed that
• Lattie Gribov opies appear and their number grows very fast when the physial
size of the lattie exeeds some ritial value ≈ 2.75/√σ. This result is fairly
independent of the lattie spaing.
• The ongurations lying on the same gauge orbit and having the same F
min
are
equivalent, up to a global gauge transformation, and yield the same Green funtions.
Those orresponding to minima of FU with dierent values of Fmin dier by a non-
trivial gauge transformation, and thus they are not equivalent.
• We onrm the result ([7℄,[8℄,[9℄,[10℄,[11℄,[12℄,[13℄) that the divergene of the ghost
propagator is lessened when hoosing the best opy" (orresponding to the hoie
of the gauge onguration having the smallest value of FU). We also showed that
gluoni Green funtions alulated in the rst opy and best opy shemes are
ompatible within the statistial error, no systemati eet was found. We onlude
that gauge ouplings that are dened by amputating the three-gluon verties only
3
Remember that the momentum in physial units is equal to 2pi p/(La) in our notations.
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slightly depend on the hoie of the minimum of FU . It implies that the infrared
behaviour of gR(µ
2) reported in [20℄ is not signiantly inuened by lattie Gribov
opies.
• We found that the inuene of Gribov opies on the ghost propagator dereases with
the volume when the physial lattie size is larger than the ritial length disussed
above. We also show that the quantity F
min
dereases when the volume inreases.
These two points are in agreement with the argument on the equality of the averages
over the Gribov's region and the fundamental modular region [22℄.
The fat that the abundane of lattie Gribov opies is mainly an inreasing funtion of
the physial size of the lattie is not too surprising. The existene of Gribov opies is
a non-perturbative phenomenon and as suh is related [1℄ to the infrared properties of
the Faddeev-Popov operator and to the onnement sale. It should then dominantly
depend on the infrared ut-o, the size (or volume) of the lattie in physial units. A
milder dependene on the ultraviolet ut-o, the lattie spaing, is also expeted but the
limited auray onerning the lattie spaing did not allow us to identify it. In a reent
paper [13℄ the lowest eigenvalues of the Faddeev-Popov operator have been omputed.
A dependene on the size of the lattie is seen. A detailed study of this dependene in
onnetion with our ndings in this paper would be useful.
More generally, the question of extrating from lattie simulations informations about
Gribov opies in the ontinuum limit is not a simple issue. However, bulk quantities,
suh as the one we propose in this paper, may be traed down to the ontinuum limit
and provide preious information about ontinuum Gribov opies. The total number
of lattie Gribov opies in a given gauge orbit may be large. All the minima of the
funtional FA[u(x)] (1) are possible end-points of the Landau gauge xing algorithm, but
their probability to be seleted by the algorithm depends on the size of their domain of
attration and might vary signiantly. This probability is therefore expeted to depend
on the attrator pattern and not on the hoie of algorithm, whih should be heked.
The explosion of the number of Gribov opies at larger volume does not ontradit the
statement that they a have dereasing inuene on expetation values [22℄. Even more,
this inuene dereases when the number of Gribov opies is large enough (f. Tables 4,1),
i.e. above the ritial volume that we have outlined.
We wish to ontinue this researh in a few diretions: more rened quantities may be
dened, a better auray is needed, larger volumes studied, in partiular to hek if the
ghost propagatore dependene on the b/f hoie fades away in the saling regime. An
extension of the study to SU(3) and to unquenhed gauge ongurations will be welome.
Note added in proof While this paper was being submitted, a preprint has ap-
peared [23℄ whih adds to the gauge group the extra global symmetry of the quenhed
lattie ation with respet to the entre of the gauge group. This leads to an extension of
the notion of Gribov opies and it results a sensitivity of the gluon propagator upon the
latter. We note that the opy dependene is mainly observed at small lattie volumes,
below the ritial size found by us.
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β Θmaxx |∂µAaµ| ΘA0 Θδu P (β) δP (β) 〈Fmin〉 δRMSFmin
2.0 10−10 10−5 10−5 0.729620 0.004738 0.78416564213526 0.00260692007045
2.0 10−14 10−5 10−9 0.729606 0.004984 0.78416564421249 0.00260692062016
2.0 10−14 10−7 10−9 0.729606 0.004985 0.78416564421259 0.00260692061867
→ 2.0 10−18 10−7 10−9 0.729606 0.004985 0.78416564421258 0.00260692062307
2.0 10−24 10−7 10−9 0.729606 0.004985 0.78416564421258 0.00260692062150
2.0 10−28 10−7 10−9 0.729606 0.004985 0.78416564421258 0.00260692062134
2.3 10−10 10−5 10−5 0.324636 0.056660 0.84466892598808 0.00415444722060
2.3 10−14 10−5 10−9 0.324636 0.056660 0.84466892602737 0.00415444721015
2.3 10−14 10−7 10−9 0.324636 0.056660 0.84466892602833 0.00415444720619
→ 2.3 10−18 10−7 10−9 0.324636 0.056660 0.84466892602843 0.00415444720513
2.3 10−24 10−7 10−9 0.324636 0.056660 0.84466892602847 0.00415444720356
2.3 10−28 10−7 10−9 0.324636 0.056660 0.84466892602847 0.00415444720356
2.8 10−10 10−5 10−5 0.024946 0.155566 0.89393978935534 0.00777035608940
2.8 10−14 10−5 10−9 0.024946 0.155567 0.89393978936422 0.00777035609273
2.8 10−14 10−7 10−9 0.024946 0.155567 0.89393978936434 0.00777035609111
→ 2.8 10−18 10−7 10−9 0.024946 0.155567 0.89393978936448 0.00777035608963
2.8 10−24 10−7 10−9 0.024946 0.155567 0.89393978936449 0.00777035608962
2.8 10−28 10−7 10−9 0.024946 0.155567 0.89393978936449 0.00777035608962
Table 6: The inuene of dierent stopping parameters (11) on the value of the probability P (β).
Simulations done for the lattie size V = 84, 100 Monte-Carlo ongurations (we uses the same set of
ongurations for every value of β) × N
NF
= 100 gauge xings. The last two olumns give the average
value of F
min
and the standard dispersion of this average. The arrow indiates our hoie of stopping
parameters (11).
15
SU(2), V = 84 and β = 2.1, 100 Monte-Carlo ongurations × 100
gauge xings
Two point funtions
p2 F
(2)
f
(p2) δF
(2)
f
(p2) F
(2)
b
(p2) δF
(2)
b
(p2)
1 4.898 0.099 4.687 0.071
2 2.046 0.039 1.959 0.043
3 1.210 0.021 1.168 0.023
4 p[4]=16 0.961 0.023 0.925 0.021
4 p[4]=4 0.834 0.019 0.801 0.013
5 0.696 0.007 0.680 0.014
Table 7: Ghost propagator, V = 84 β = 2.1
p2 G
(2)
f
(p2) δG
(2)
f
(p2) G
(2)
b
(p2) δG
(2)
b
(p2)
0 11.161 0.438 10.894 0.418
1 6.225 0.129 6.248 0.135
2 4.089 0.035 4.095 0.043
3 2.883 0.033 2.868 0.023
4 p[4]=16 2.329 0.043 2.305 0.031
4 p[4]=4 2.129 0.023 2.147 0.015
5 1.773 0.009 1.785 0.008
Table 8: Gluon propagator, V = 84 β = 2.1
Three point funtions
p2 G
(3)asym
f
(p2) δG
(3)asym
f
(p2) G
(3)asym
b
(p2) δG
(3)asym
b
(p2)
1 29.636 2.081 29.408 2.721
2 19.018 1.168 18.387 1.173
3 11.513 0.971 12.293 1.739
4 p[4]=16 10.424 0.857 11.817 1.126
4 p[4]=4 6.968 0.618 6.547101 0.471
5 5.164 0.264 4.697285 0.293
Table 9: Three-gluon vertex in asymmetri kinemati onguration, V = 84 β = 2.1
p2 G
(3)sym
f
(p2) δG
(3)sym
f
(p2) G
(3)sym
b
(p2) δG
(3)sym
b
(p2)
2 13.613 0.745 14.188 0.752
4 2.680 0.272 2.612 0.272
Table 10: Three-gluon vertex in symmetri kinemati onguration, V = 84 β = 2.1
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SU(2), V = 84 and β = 2.2, 100 Monte-Carlo ongurations × 100
gauge xings
Two point funtions
p2 F
(2)
f
(p2) δF
(2)
f
(p2) F
(2)
b
(p2) δF
(2)
b
(p2)
1 4.178 0.103 4.100 0.070
2 1.749 0.045 1.735 0.037
3 1.042 0.027 1.032 0.024
4 p[4]=16 0.835 0.030 0.821 0.024
4 p[4]=4 0.720 0.016 0.715 0.014
5 0.614 0.017 0.609 0.014
Table 11: Ghost propagator, V = 84 β = 2.2
p2 G
(2)
f
(p2) δG
(2)
f
(p2) G
(2)
b
(p2) δG
(2)
b
(p2)
0 20.170 0.620 20.241 0.665
1 8.359 0.129 8.247 0.122
2 4.431 0.039 4.433 0.037
3 2.870 0.028 2.857 0.025
4 p[4]=16 2.111 0.038 2.153 0.041
4 p[4]=4 2.021 0.013 2.038 0.019
5 1.642 0.014 1.652 0.013
Table 12: Gluon propagator, V = 84 β = 2.2
Three point funtions
p2 G
(3)asym
f
(p2) δG
(3)asym
f
(p2) G
(3)asym
b
(p2) δG
(3)asym
b
(p2)
1 78.913 4.405 81.523 5.131
2 36.170 1.393 35.784 1.809
3 17.851 2.147 18.475 1.860
4 p[4]=16 20.516 1.064 20.621 1.115
4 p[4]=4 13.097 0.645 13.382 0.595
5 8.920 0.336 8.985 0.383
Table 13: Three-gluon vertex in asymmetri kinemati onguration, V = 84 β = 2.2
p2 G
(3)sym
f
(p2) δG
(3)sym
f
(p2) G
(3)sym
b
(p2) δG
(3)sym
b
(p2)
2 21.099 1.212 20.483 1.148
4 2.494 0.185 2.512 0.189
Table 14: Three-gluon vertex in symmetri kinemati onguration, V = 84 β = 2.2
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SU(2), V = 84 and β = 2.3, 100 Monte-Carlo ongurations × 100
gauge xings
Two point funtions
p2 F
(2)
f
(p2) δF
(2)
f
(p2) F
(2)
b
(p2) δF
(2)
b
(p2)
1 3.742 0.109 3.656 0.084
2 1.569 0.043 1.544 0.032
3 0.945 0.022 0.941 0.019
4 p[4]=16 0.755 0.021 0.751 0.016
4 p[4]=4 0.669 0.015 0.663 0.013
5 0.562 0.009 0.564 0.009
Table 15: Ghost propagator, V = 84 β = 2.3
p2 G
(2)
f
(p2) δG
(2)
f
(p2) G
(2)
b
(p2) δG
(2)
b
(p2)
0 35.140 1.555 34.659 1.597
1 9.7073 0.107 9.839 0.156
2 4.487 0.054 4.503 0.055
3 2.668 0.027 2.652 0.018
4 p[4]=16 1.934 0.022 1.919 0.020
4 p[4]=4 1.811 0.016 1.823 0.015
5 1.414 0.014 1.414 0.014
Table 16: Gluon propagator, V = 84 β = 2.3
Three point funtions
p2 G
(3)asym
f
(p2) δG
(3)asym
f
(p2) G
(3)asym
b
(p2) δG
(3)asym
b
(p2)
1 614.254 42.333 641.328 47.008
2 165.962 7.456 161.354 7.730
3 65.054 2.786 63.734 2.734
4 p[4]=16 33.456 3.787 32.685 3.535
4 p[4]=4 33.770 1.801 35.883 2.099
5 20.471 0.9744 19.994 1.168
Table 17: Three-gluon vertex in asymmetri kinemati onguration, V = 84 β = 2.3
p2 G
(3)sym
f
(p2) δG
(3)sym
f
(p2) G
(3)sym
b
(p2) δG
(3)sym
b
(p2)
2 26.483 1.260 26.774 1.280
4 2.249 0.105 2.424 0.104
Table 18: Three-gluon vertex in symmetri kinemati onguration, V = 84 β = 2.3
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SU(2), V = 164 and β = 2.1, 100 Monte-Carlo ongurations × 100
gauge xings
Two point funtions
p2 F
(2)
f
(p2) δF
(2)
f
(p2) F
(2)
b
(p2) δF
(2)
b
(p2)
1 23.930 0.304 22.615 0.226
2 10.538 0.200 10.188 0.113
3 6.372 0.159 6.257 0.087
4 p[4]=16 4.551 0.116 4.405 0.103
4 p[4]=4 4.489 0.119 4.421 0.062
5 3.437 0.086 3.344 0.053
Table 19: Ghost propagator, V = 164 β = 2.1
p2 G
(2)
f
(p2) δG
(2)
f
(p2) G
(2)
b
(p2) δG
(2)
b
(p2)
0 8.485 0.440 8.309 0.251
1 8.182 0.122 7.871 0.102
2 7.186 0.073 7.022 0.071
3 6.359 0.037 6.385 0.037
4 p[4]=16 6.058 0.091 5.874 0.086
4 p[4]=4 5.710 0.081 5.669 0.067
5 5.161 0.029 5.195 0.026
Table 20: Gluon propagator, V = 164 β = 2.1
Three point funtions
p2 G
(3)sym
f
(p2) δG
(3)sym
f
(p2) G
(3)sym
b
(p2) δG
(3)sym
b
(p2)
2 19.861 3.809 27.689 5.911
4 14.769 2.586 18.952 2.937
Table 21: Three-gluon vertex in symmetri kinemati onguration, V = 164 β = 2.1
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SU(2), V = 164 and β = 2.2, 100 Monte-Carlo ongurations × 100
gauge xings
Two point funtions
p2 F
(2)
f
(p2) δF
(2)
f
(p2) F
(2)
b
(p2) δF
(2)
b
(p2)
1 20.867 0.376 20.406 0.392
2 9.151 0.145 9.070 0.192
3 5.499 0.083 5.460 0.085
4 p[4]=16 3.861 0.095 3.838 0.082
4 p[4]=4 3.803 0.067 3.819 0.068
5 2.929 0.041 2.979 0.067
Table 22: Ghost propagator, V = 164 β = 2.2
p2 G
(2)
f
(p2) δG
(2)
f
(p2) G
(2)
b
(p2) δG
(2)
b
(p2)
0 14.473 0.676 15.380 0.635
1 12.614 0.255 12.330 0.184
2 10.564 0.066 10.531 0.097
3 8.813 0.081 8.769 0.061
4 p[4]=16 7.760 0.162 7.577 0.089
4 p[4]=4 7.447 0.052 7.429 0.073
5 6.393 0.052 6.395 0.044
Table 23: Gluon propagator, V = 164 β = 2.2
Three point funtions
p2 G
(3)asym
f
(p2) δG
(3)asym
f
(p2) G
(3)asym
b
(p2) δG
(3)asym
b
(p2)
1 136.266 91.211 115.376 53.064
2 93.912 39.689 90.432 26.263
3 84.119 17.125 81.880 17.916
4 p[4]=16 101.745 17.120 99.140 18.988
4 p[4]=4 78.176 15.640 63.382 14.634
5 51.954 7.666 56.088 8.017
Table 24: Three-gluon vertex in asymmetri kinemati onguration, V = 164 β = 2.2
p2 G
(3)sym
f
(p2) δG
(3)sym
f
(p2) G
(3)sym
b
(p2) δG
(3)sym
b
(p2)
2 93.161 11.297 87.022 10.680
4 34.756 7.434 37.655 5.797
Table 25: Three-gluon vertex in symmetri kinemati onguration, V = 164 β = 2.2
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SU(2), V = 164 and β = 2.3, 100 Monte-Carlo ongurations × 100
gauge xings
Two point funtions
p2 F
(2)
f
(p2) δF
(2)
f
(p2) F
(2)
b
(p2) δF
(2)
b
(p2)
1 18.326 0.297 17.157 0.172
2 7.993 0.150 7.645 0.089
3 4.824 0.086 4.684 0.060
4 p[4]=16 3.431 0.053 3.317 0.052
4 p[4]=4 3.364 0.054 3.338 0.048
5 2.581 0.025 2.533 0.036
Table 26: Ghost propagator, V = 164 β = 2.3
p2 G
(2)
f
(p2) δG
(2)
f
(p2) G
(2)
b
(p2) δG
(2)
b
(p2)
0 32.705 1.063 31.557 0.721
1 21.940 0.444 21.616 0.385
2 15.007 0.122 15.206 0.166
3 11.400 0.107 11.235 0.116
4 p[4]=16 8.848 0.190 8.882 0.108
4 p[4]=4 8.904 0.118 8.782 0.099
5 7.057 0.062 6.978 0.045
Table 27: Gluon propagator, V = 164 β = 2.3
Three point funtions
p2 G
(3)asym
f
(p2) δG
(3)asym
f
(p2) G
(3)asym
b
(p2) δG
(3)asym
b
(p2)
1 1192.828 250.675 779.501 204.768
2 566.632 39.161 505.435 46.025
3 402.454 32.415 388.260 26.754
4 p[4]=16 272.205 35.491 242.150 30.928
4 p[4]=4 239.204 35.152 241.295 25.467
5 174.210 14.126 169.739 10.825
6 130.209 7.523 125.733 7.563
Table 28: Three-gluon vertex in asymmetri kinemati onguration, V = 164 β = 2.3
p2 G
(3)sym
f
(p2) δG
(3)sym
f
(p2) G
(3)sym
b
(p2) δG
(3)sym
b
(p2)
2 283.901 15.417 313.824 15.595
4 81.695 5.785 72.573 5.787
Table 29: Three-gluon vertex in symmetri kinemati onguration, V = 164 β = 2.3
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